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Mechanochemical models used in the actomyosin systems.

It is noted before beginning this section that all values of reaction rates and mechanochemical
parameters used in the mechanochemical models outlined below can be found in S1 Table.

A) Non-muscle myosin ITA.

Myosin II, in muscle and non-muscle isoforms, has been shown by many to have distinct mechanochem-
ical properties that allow the molecule to respond to stresses in the cytoskeleton [1H4]. We outline a
simple model proposed for myosin IT mini-filament binding, unbinding, and walking in the case of
non-muscle myosin ITA (NMIIA). Much of this work is an extension of the results for the Parallel
Cluster Model of small, non-processive myosin motor ensembles introduced by Erdmann et al. [5],
and is adopted to fit our coarse-grained description. We assume the following regarding mechanics
for our implicit model of NMITA mini-filaments:

e NMITA mini-filaments are comprised of 10-30 implicit subunits [6], and the number of subunits
is randomly chosen when a binding event occurs. Mechanical constants are recalculated
accordingly based on the number of subunits selected. We will denote the number of subunits
as Niotal, since this value also represents the number of head groups (or heads) on each side of
the bipolar filament.

e The forces that will occur in this network are not large enough for the NMIIA ensemble to
exhibit slip bond behavior, so that the mechanochemical effect of increased pulling force will
be a catch bond. The form of this relationship will be outlined below.

e The stiffness of a single NMITA head has been determined experimentally by Vilfan et al. [7].
The stiffness of the entire mini-filament is then calculated based on the number of subunits.

We also assume the following regarding the single NMITA cross-bridge cycle and associated chemistry:

e We assume a simplified cross-bridge cycle, as in work by Stam et al. [§] that has two states,

bound and unbound:
Bound state: AM - ADP



Unbound state: M - ADP - Pi

e The duty ratio p of NMIIA is low, and this duty ratio defines the mechanochemical effects of
force on unbinding and walking, as will be elaborated on in the later section. We use the duty
ratio and reaction rate values found by Kovacs et al. [9].

e The bound state of NMIIA is the only state that is mechanochemically affected. Isoforms
of myosin IT show a decreased dissociation rate of ADP when bound to actin with increased
pulling force in the lower force regime [10]. The chosen form of this mechanochemical effect
will be show below.

The binding rate of a NMITA mini-filament to a pair of actin filaments can be defined as

ksil,bind = @ - ENMIIA, bind * Ntotal (1)

since there are Niota) NMIIA heads in the mini-filament that can bind to F-actin, and kxmiia bind 1S
the binding rate of a single NMIIA head to an actin filament. « is a tunable parameter that can be
chosen to fit NMITA mini-filament binding kinetics; this will be elaborated on below.

Due to the molecule’s catch bond behavior, the unbinding rate of a NMITA mini-filament from a
pair of actin filaments can be written as

(2)

where Fey is the total stretching force of the NMIIA mini-filament and Fiwiia,unbind iS the charac-
teristic unbinding force, determined by thermal energy and the NMIIA head unbinding distance.
This relationship has been shown by [5]. (8 is another tunable parameter chosen to fit NMITA
mini-filament unbinding kinetics.

0
6 ’ kNMHA, unbind —Lext
Efil unbind = - exp )

Nbound Nbound - FNMITA,unbind

In our model, Npound, the number of currently bound NMIIA heads to actin filaments, is implicit.
The number of bound heads can be approximated to increase linearly with force in the regime we
are considering [4l[5]. So, we can express Npound as

Nbound =pP- Ntotal +7- Fexta (3)
where p is the duty ratio under no load, and +, similarly to o and 3, is a parameter chosen to fit

NMIIA mini-filament unbinding kinetics.

As shown by Hill et al. [11] generally for motor ensembles, and nicely rearranged by [5], the
walking rate of a NMITA mini-filament under a constant external load can be written as

F, Fext
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where Fiiap is the stall force of a NMIIA head, and and Fiy is the pulling force on the NMITA
mini-filament in the direction opposite of walking movement, and ¢ is a tunable parameter chosen
to fit NMITA mini-filament walking kinetics. Erdmann et al. showed that this parameter, as well as
the stall force Fytan does not change for mini-filaments in the subunit range that we are considering [5].
In terms of our implicit model, kgns’walk, which is the walking rate under no load, can be
approximated, as by Erdmann et al., by using the number of unbound heads in the NMITA ensemble,
as well as the binding rate of a single NMITA head [5]. So, we can express k., .y 85

Niotal — NP
Ko walk = mt?vo bound . G MITA bind, (5)
bound
where N . is the number of bound NMIIA heads under no load, which is simply pNiotar. It is

noted that in our model, the walking rate must also be multiplied by a fraction of relative step size
of a single motor head to the step size of the entire mini-filament in simulation, which is based on
the number of binding sites per cylinder.

In choosing the mechanochemical parameters «, 3, v, and ¢ to be 1.0, 0.2, 0.05/pN, and 0.1,
respectively, the mechanochemical model outlined above gives an unloaded attachment time of 5 s
and an unloaded walking rate of 11 nm/s. Under stall conditions (i.e. Fexs = pINMITA stretching@step)s
the model gives a loaded attachment time of 50 s and a loaded walking velocity of 3 nm/s.

B) a-actinin.

a-actinin is a cross-linking protein typically found in the cytoskeleton that has distinct mechanical
and chemical properties. We outline a simple model for representing the mechanochemistry of this
cross-linker, including binding and unbinding.

We assume the following regarding mechanics for our model of a-actinin cross linkers:

o The stiffness of a-actinin has been experimentally determined by Ferrer et al. [12].

e We ignore any unfolding domains and assume a constant length. Although there are known
unfolding domains that may change network elasticity [13], these will not be included in our
model. Forces in our network also will not be large enough to cause these unfolding events.

We also assume the following regarding a-actinin binding and unbinding chemistry:

e Binding occurs at a constant rate unaffected by force, and has been experimentally determined
by Wachsstock et al. [14].

e Unbinding is mechanochemically affected, and we will assume that it is a simple slip bond.
The form of this mechanochemical effect will be shown below.

The rate of unbinding will be affected by the pulling force on the cross-linker, and can be
expressed as

— 1.0
ka,unbind = ka,unbind + €xXp (Fext/Fa,unbind)7



where kgz,unbind is the a-actinin unbinding rate under no external load, Fix is the pulling force on
the molecule, and Fy unbind is the characteristic unbinding force of a-actinin, determined by thermal
energy and the a-actinin unbinding distance.

C) Actin filaments.

Actin filaments are dynamic species which can polymerize and depolymerize from either end. We
outline the mechanochemical effect of filaments polymerizing under an external load, provided by a
boundary. We assume the following regarding the mechanics of actin filaments:

e The stiffness and flexural rigidity has determined by experiments [15}/16].

e Both ends of the filament can experience an external load force from a boundary.

The polymerization rate of a filament tip under external load can be modeled by the Brownian
Ratchet |17] with the following form:

kpoly - kgoly - eXp (_Fext/Factin,poly)7 (7)

where kgoly is the polymerization rate under no external load, F.y; is the external load force on
the actin filament, and F,ctin,poly is the characteristic polymerization force of an actin filament,
determined by thermal energy and the size of an actin monomer.
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